Abstract This review discusses the potential of CXCR4 chemokine receptor in the design of anticancer and antimetastatic drug delivery systems. The role of CXCR4 in cancer progression and metastasis is discussed in the context of the development of several types of drug delivery strategies. Overview of drug delivery systems targeted to cancers that overexpress CXCR4 is provided, together with the main types of CXCR4-binding ligands used in targeting applications. Drug delivery applications that take advantage of CXCR4 inhibition to achieve enhanced anticancer and antimetastatic activity of combination treatments are also discussed.
Introduction
Chemokines are signaling proteins secreted by various stromal and epithelial cells capable of inducing concentration gradient-driven chemotactic migration of cells through interaction with their respective chemokine receptors [1] . Based on the number and spacing of N-terminal cysteines, chemokine receptors are divided into four groups (CXC, CX3C, CC, and CX) [2] . There are 19 different chemokine receptors that all belong to the seven-transmembrane G-protein-coupled receptor family. In tumors, a complex network of chemokines and chemokine receptors controls cell trafficking into and out of the tumor microenvironment and thus mediate crucial parts of the metastatic spread of tumor cells [3] . The corresponding chemokines expressed at the site of metastasis provide chemo-attractive signaling that guides trafficking of tumor cells to distant organ sites. Even though cells from different types of cancer may have different expression profiles of chemokine receptors, CXC receptor 4 (CXCR4) is the most widely expressed chemokine receptor in human cancers, which makes it among the most promising target within the chemokine network for cancer therapy.
CXCR4/CXCL12 Signaling
CXCL12 binding to CXCR4 initiates multiple downstream signaling pathways and results in various responses, such as increasing intracellular calcium flux, gene transcription, chemotaxis, cell survival, and proliferation [4] . The heterotrimeric G protein is activated and dissociated into GTP-bound α and βγ subunits [5] . Gβγ subunits activate two major enzymes, phospholipase C-β (PLC-β) and a phosphatidylinositol-3-OH kinase (PI3K). Phosphatidylinositol (4,5)-bisphosphate is cleaved by PLC-β into two secondary messengers, inositol (1,4,5)-trisphosphate (IP3) and diacylglycerol (DAG). IP3 causes the release of Ca 2+ from intracellular stores, and DAG activates protein kinase C and mitogen-activated protein kinase (MAPK) in conjunction with Ca 2+ , thus contributing to cell migration [6] . Gα or Gβγ subunits activate PI3K leading to tyrosine phosphorylation of components of focal adhesions, including the related adhesion focal tyrosine kinase (RAFTK), the adaptor molecule p130 Cas, and the cytoskeletal protein paxillin, thus contributing to reorganization of the actin cytoskeleton and changes necessary for cell migration [7] . Transcription and gene expression are regulated by Gαi signaling through the PI3K-AKT-NF-κB, MEK1/2, and ERK1/2 axes [8] . The activated AKT can regulate the survival of cells. Dimerization of CXCR4 leads to G protein independent signaling via JAK/ STAT pathway, which promotes cell morphology changes and chemotactic responses [9] .
The Role of CXCR4 in Cancer and Cancer Metastasis CXCR4 overexpression has been reported in more than 20 human tumor types, including mammary, ovarian, prostate, esophageal, pancreatic, melanoma, and renal cell carcinoma [10] . The upregulation of CXCR4 is associated with changes in multiple growth factors, transcription factors, and hypoxiainducible factors [11] [12] [13] . Many preclinical and clinical studies observed significant correlation between CXCR4 expression and metastasis and found that CXCR4 expression is associated with poor survival and aggressive type of cancers. CXCR4 overexpression has been identified as a poor prognostic biomarker. For instance, a microarray study of 2000 invasive breast carcinomas and 214 pre-invasive breast samples revealed the critical role of CXCR4 in cancer progression [14] . Elevated levels of CXCR4 in primary tumors were associated with a higher risk of developing bone metastasis [15] . Another clinical study showed that CXCR4 promotes metastasis through the lymphatic system [16] . Elevated levels of CXCR4 in cancer cells have also correlated with increasing risk of cancer recurrence [17] .
By activating intracellular signaling pathways, such as PI3K, MAPK, and Erk1/2, CXCR4 plays a critical role in cancer cell survival, proliferation, invasion, and migration [18] [19] [20] [21] . The influence of CXCR4-induced activation of focal adhesion complexes and matrix metalloproteinases mediates degradation of extracellular matrix and contributes to invasion of cancer cells. CXCL12 expression levels are elevated in the brain, bone marrow, lungs, and liver. The CXCL12 concentration gradients then drive movement of CXCR4-positive tumor cells in circulation and are responsible for the process of extravasation and organ-specific metastasis [22] . CXCR4/CXCL12 axis is an important emerging target for developing novel delivery strategies for improved cancer therapies [23, 24] . In addition to utilizing CXCR4 overexpression as a simple target for improved ligand-mediated delivery of drugs to tumors, blocking CXCR4/CXCL12 interaction using CXCR4 antagonists or silencing CXCR4 expression by siRNA has potential to prevent primary tumor growth and reduce metastasis, especially when combined with chemotherapy and radiotherapy. This review focuses on the role of CXCR4 in cancer metastasis and its potential in drug delivery systems for cancer therapy. Multiple targeting ligands and CXCR4 antagonists have been developed, including peptides, antibodies, and small organic molecules. The main uses of CXCR4 in drug delivery for cancer therapy are summarized in Scheme 1, and representative examples that explore CXCR4 in drug delivery are summarized in Table 1 .
CXCR4 as Target for Ligand-Mediated Delivery and Imaging
Multiple reports explored the use of CXCR4-binding ligands as a way of improving drug delivery to CXCR4-overexpressing tumors. The most popular ligands are based on short CXCR4-binding peptides, but small organic molecules and antibodies have also been explored and are discussed in this section.
CXCR4-Binding Peptides
Peptide ligands that bind CXCR4 has been widely used to direct drug delivery systems to CXCR4 overexpressing tumor cells with the goal of improving intracellular delivery of antitumor agents by receptor-medicated cellular uptake. Among the most successful has been a peptide T22 derived from horseshoe crab polyphemusin II. The T22 peptide binds CXCR4 and efficiently penetrates target cells via a rapid receptor-specific endosomal route. When conjugated to nanoparticles, T22 mediates delivery and accumulation of the nanoparticles in the perinuclear region of the target cells both in cell culture and in metastatic cancer models in vivo. The T22 peptide has been used for intracellular delivery of proteins, nanoparticles, and imaging agents [25] . Torre et al. have described a CXCR4-targeted delivery system using mesoporous silica nanoparticles that were loaded with doxorubicin and capped with an azide-containing modified T22 peptide by a click reaction [29] . Residues Tyr 5 , Lys 7 , and Tyr 12 dramatically enhanced the affinity of the T22 peptide for the CXCR4 receptor overexpressed in B-cell non-Hodgkin's lymphoma cells. The peptide capped the pores in the porous nanoparticles to block the release of doxorubicin and facilitated uptake via the CXCR4 receptor. In lysosomes, proteolytic enzymes degraded the T22 peptide and allowed intracellular doxorubicin release.
Wang et al. have investigated a low molecular weight CXCR4 peptide antagonist LFC131 (Tyr-Arg-Arg-Nal-Gly). The authors conjugated the LFC131 peptide to Ocarboxymethyl chitosan nanoparticles and poly(lactide-coglycolide) (PLGA) nanoparticles for enhanced targeted delivery of docetaxel and doxorubicin to CXCR4 overexpressing lung cancer cells [26, 27] .
To enhance the targeting and killing of tumor cells, Snyder et al. linked another CXCR4 ligand, DV3, to two transducible anticancer peptides: a p53-activating peptide (DV3-TATp53C′) and a cyclin-dependent kinase 2 antagonist peptide (DV3-TAT-RxL). Treatment with either of the targeted peptides resulted in an enhancement of tumor cell killing compared with treatment with nontargeted parent peptides [28] .
CXCR4-binding peptides have also been successfully used to improve nucleic acid delivery with cationic peptides and cationic polymers. Egorova et al. have developed chemokinederived peptides as carriers for gene delivery [23] . The authors used three synthetic peptides for CXCR4 receptor targeting: two derived from N-terminal sequence of CXCL12 and one from viral macrophage inflammatory protein (vMIP)-II. One of the peptides (KPVSLSYRSPSRFFESH-K9-biotin) derived from CXCL12, consisting of an N-terminal sequence of CXCL12 (KPVSLSYR) and an RFFESH motif (residues 12-17), was able to specifically target cells overexpressing CXCR4 and to exhibit high transfection efficacy. In a follow-up study, the authors found that the use of the oligolysine (K9) as the DNA-binding moiety compromised the gene delivery due to instability in physiological conditions and lack of endosomolytic properties. To circumvent these problems, the authors developed a gene delivery system using CXCL12-derived cross-linking peptides and demonstrated that a modular peptide KPVSLSYRSPSRFFESH-Ahx-Ahx-CHRRRRRRHC could be used as efficient gene delivery carrier. The flanking cysteines formed intermolecular disulfide bonds to stabilize the particles and tightly condense DNA. Subsequent internalization and intracellular disulfide Scheme 1 Summary of the main approaches utilizing CXCR4 in cancer drug delivery breakage resulted in enhanced gene expression when compared with the K9-based peptides, in part also because of the buffering capacity and membrane activity of the peptide containing histidine and arginine residues [30] .
Feasibility of CXCR4 targeting using lipoplexes containing peptide analog 4F-benzoyl-TE14011 was also demonstrated [31] . The peptide ligand (4-fluorobenzoyl-RR-Nal-CY-Cit-KEPYR-Cit-CR) binds CXCR4 with high affinity (K d 1.5 nM) and when covalently linked to a phospholipid used in lipoplex formulation resulted in CXCR4-targeted gene delivery.
CXCR4-Binding Small Molecule Organic Ligands
Synthetic small molecule organic molecules that bind CXCR4 have been among the most successful CXCR4 antagonists. In fact, the only currently FDA-approved CXCR4 antagonist is a cyclam derivative AMD3100 (Plerixafor). AMD3100 has been shown to bind and block CXCR4 signaling in multiple animal models as well as in clinical trials [49, 50] . Several reports exist on the use of drug and gene delivery systems conjugated with small molecule ligands like AMD3100. Probably the first report described a nonviral carrier in which [48] AMD3100 was covalently attached to polyethylenimine (PEI) and cationic lipids [38] . The study showed that the CXCR4-targeted polyplexes could effectively deliver genes into CXCR4-positive Jurkat cells. The role of CXCR4 in the uptake of the polyplexes was clearly demonstrated when nonspecific internalization pathways were minimized or when phorbolmyristate acetate (PMA) was used to enhance CXCR4 receptor endocytosis. AMD3100 has also been successfully used to target multicompartment PLGA nanoparticles to CXCR4-overexpressing breast cancer cells [39] . In this case, AMD3100 was conjugated to the surface of the nanoparticles by using PLGA with terminal acrylate groups that were reacted with AMD3100 amines via the Michael addition. The targeted nanoparticles were then selectively taken up by CXCR4-overexpressing breast cancer cells, and they also effectively blocked CXCR4 signaling. When loaded with siRNA, the AMD3100-PLGA nanoparticles allowed for more effective gene silencing in vitro than their corresponding nontargeted nanoparticles.
Anti-CXCR4 Antibodies
Multiple anti-CXCR4 antibodies have been developed and applied as experimental treatments in animal models of cancer metastasis [51, 52] . Such antibodies can be also used as ligands to facilitate improved delivery of drug carriers, similar to the peptide and small molecule ligands discussed above [24, 36] . For example, liposomes targeted with anti-CXCR4 antibody were used to improve doxorubicin activity in CXCR4-overexpressing breast cancer cells [36] . The liposomes were prepared by the extrusion using 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-dodecanoyl (N-dod-PE) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), followed by conjugation of mouse anti-human CXCR4 monoclonal antibody via N-dod-PE anchor by EDC/NHS chemistry. Overexpression of CXCR4 was observed in HCC1500 and MDA-MB-175VII breast cancer cells relative to normal control cells MCF10As. Expression levels of CXCR4 in the breast cancer cells directly correlated with increased liposome binding and enhanced drug activity. Based on this study, the knowledge of the levels of CXCR4 expression may be used to predict the efficacy of CXCR4-targeted drug delivery systems.
Imaging Agents That Target CXCR4
Due to the established role of CXCR4 in cancer metastasis, there is a growing interest and potential in using CXCR4-binding ligands for imaging of primary and metastatic tumors. CXCR4-binding imaging agents have been developed based on peptide and small molecule organic ligands. For example, using systematic structure-activity relationship study, Hanaoka et al. have developed a radiopharmaceutical for the imaging of CXCR4-expressing tumors in vivo based on the T22 peptide [32] . The authors designed a peptidic CXCR4 ligand named Ac-TZ14011 (Ac-RR-Nal-CY-Cit-RKPYRCit-CR In-DTPA-Ac-TZ14011 inhibited the binding of CXCL12 to CXCR4 in a concentration-dependent manner with an IC50 of 7.9 nM. Biodistribution studies in athymic nude mice bearing subcutaneous CXCR4-overexpressing pancreatic carcinoma cells showed preferential accumulation of 111 In-DTPA-Ac-TZ14011 in the tumor. Similarly, Kuil et al. have developed peptide-conjugated dendrimers using Ac-TZ14011 peptide to obtain constructs capable of multimodal imaging. The constructs consisted of a Cy5.5-like fluorophore and a DTPA chelating group for 111 In labeling and were used to image CXCR4 expression in breast cancer animal model using both SPECT/CT and fluorescence imaging [33, 34] .
The cyclam-based CXCR4 antagonists like AMD3100 constitute a diverse class of compounds with the common ability to chelate transition metals in the cyclam macrocycle. These compounds have been used in multiple studies to chelate PET-positive radioisotope 64 Cu for imaging of CXCR4-expressing tumors. 64 Cu]-AMD3465 was capable of detecting tumor lesions using dynamic and whole-body PET/CT in a CXCR4-dependent fashion with high target selectivity in both U87 brain tumor and HT-29 colon tumor animal models [48] .
Anti-CXCR4 antibodies are commonly used for fluorescence microscopy imaging, but they also showed potential in SPECT/CT imaging in vivo. Using 125 I-labeled anti-CXCR4 monoclonal antibody (12G5), the results of a recent study showed successful SPECT/CT imaging of CXCR4-positive U87 brain tumors [37] . Compared with isotype control, the tumor-to-tissue uptake ratio for 125 I-12G5 was 2.5-fold higher at 48 h after injection, indicating the feasibility of antibody-targeted tumor imaging.
Inhibition of CXCR4 in Anticancer Therapies
Due to its significant role in multiple steps involved in cancer progression, inhibition of CXCR4 has been explored in various drug delivery systems with the goal of reducing cancer cell proliferation and metastasis. Several strategies have been employed to either directly silence expression of CXCR4 gene in malignant cells using siRNA or to codeliver small-molecule CXCR4 antagonists with other antitumor therapeutics to achieve enhanced anticancer effect.
Silencing of CXCR4 Gene
Specific targeting and silencing of CXCR4 expression with siRNAs has been proposed to slow down cancer cell growth and metastasis both in vitro and in vivo. CXCR4 expression was significantly downregulated in liver metastasis of colorectal cancer when anti-CXCR4 siRNA was delivered by nanoparticles based on spermine-modified dextran [53, 54] . In the study, spermine was conjugated to oxidized dextran by reductive amination process to obtain cationic dextran, and the results showed that CXCR4 silencing decreased the extent of cancer cell and lymphocyte infiltration in the liver of treated animals. In a study of the effect of CXCR4 silencing on metastasis of breast cancer, a fusion protein based on HER2-scFv and arginine nonamer peptide (e23sFv-9R) was developed and tested as siRNA carrier [55] . Delivery of anti-CXCR4 siRNA by the e23sFv-9R carrier resulted in decreased CXCR4 expression and subsequent reduction in proliferation and metastasis in HER2-positive breast cancer BT-474 cell line in vitro. Importantly, systemic delivery of the anti-CXCR4 siRNA by the fusion protein was able to suppress tumor growth, reduce metastasis, and prolong survival in mice-bearing HER2-positive xenografts.
Tumor progression is associated with intratumoral hypoxia and an abnormal vascular architecture, which provides heterogeneous perfusion within the tumor tissue [56] . Hypoxia regulates the expression of multiple genes involved in angiogenesis, epithelial-mesenchymal transition, extracellular matrix degradation, and chemotaxis [57] . CXCR4 is a potential target in the events associated with hypoxia because of its hypoxiatriggered upregulation. Romain et al. have demonstrated that hypoxia-upregulated CXCR4 expression in colon cancer cells and that CXCR4 expression remained elevated for up to 48 h even when the cancer cells were returned to normoxic conditions [58] . As a result of the CXCR4 upregulation, the migration of the colon cancer SW480 cells increased up to sixfold in hypoxia when compared with normoxic conditions. Importantly, the increased invasiveness of the cancer cells could be reduced significantly by CXCR4 gene silencing.
Inhibition of CXCR4 in Cancer Metastasis
In addition to offering a simple targeting to CXCR4-overexpressing cancer cells, many of the existing CXCR4-binding ligands also function as receptor antagonists and thus inhibit CXCR4/CXCL12 signaling. The inhibition of the CXCR4 signaling can be utilized to achieve additional antitumor and antimetastatic benefits, especially when combined with other simultaneously delivered drugs. There have been a growing number of successful examples of drug and gene delivery vectors that combine delivery function with a pharmacological CXCR4-inhibiting activity, and they will be discussed in this section.
Multiple innovative drug delivery systems that combine CXCR4 inhibition and drug delivery have been reported in recent years. Taking advantage of the structural plasticity of transmembrane peptides, biologically active nanoparticles that effectively inhibit tumor metastasis in vivo have been developed based on a 24-amino acid peptide X4-2-6 which corresponds to the second transmembrane helix of the CXCR4. The peptide self-assembled into nanoparticles that inhibited CXCR4 function in vitro and prevented CXCR4-dependent tumor metastasis in MDA-MB-231 breast cancer xenograft model [35] . These nanoparticles could additionally encapsulate hydrophobic antitumor drugs, thus providing an effective combination delivery system. The peptides were capable of assembling into a variety of structures including spherical, fibrous, tubular, and discoid shapes [59] . The ability to control the morphology of the assemblies may allow improved delivery of such peptide particles as it was found that stronger intermolecular interactions observed in nanospheres than in fibrils resulted in slower rates of particle disassembly and in improved protection against proteolytic degradation.
As part of our long-term efforts to develop dually functioning polycations for combination drug/gene delivery, we have designed polycations (polymeric AMD3100 (PAMD)) based on the cyclam CXCR4 antagonist AMD3100. The PAMD polymers showed dual functionality as efficient nucleic acid (gene and siRNA) delivery vectors and CXCR4 antagonists that inhibited invasion of cancer cells in vitro and decreased metastasis in several tumor models in vivo [41, 42] . Modification of PAMD with PEG was used to improve the in vivo applicability [44] . Modification with cholesterol was used as a way of enhancing siRNA delivery efficacy of PAMD, while preserving the CXCR4-inhibiting activity of the polymers [43] . Although based on an approved drug and easy to synthesize, PAMD synthesis resulted in the formation of highly branched polymers and in a relatively low CXCR4 antagonistic activity when compared with the original AMD3100. Based on the knowledge of the AMD3100 pharmacophore, we developed a second generation of CXCR4-inhibiting polycations based on a series of linear poly(amido amine)s using Michael-type polyaddition of novel monocyclam monomers. The use of monocyclam monomers allowed preparation of polymers with well-defined architecture and the CXCR4-binding moieties present in the sidechain of the polymers, which resulted in improved presentation and accessibility for CXCR4 binding, resulting in greatly increased CXCR4 antagonism [45] .
In addition to naturally derived peptides and lipids and polymers based on existing small molecule CXCR4 inhibitors, dendrimers based on viologen (dialkylated 4,4′-bipyridinium salts) have been found to exhibit potent antagonistic activity against CXCR4 [60] . Viologen dendrimers (VGD) were also recently used as a promising class of gene delivery vectors when they demonstrated promising synergistic anticancer activity when used to deliver TNFα plasmid DNA [46] .
Similar to the other types of CXCR4 inhibitors, anti-CXCR4 antibodies have been used both for their drug targeting ability to CXCR4-overexpressing cancers as well as for their ability to block the CXCR4/CXCL12 signaling in antimetastatic approaches. For example, pHresponsive CXCR4-targeted liposomes were prepared to achieve combined inhibition of CXCR4 and siRNA silencing of lipocalin-2 (Lcn2) [24] . The liposomes were composed of a mixture of DOPC, 1,2-dioleoyl-3-dimethylammoniumpropane (DODAP) and N-dod-PE and were modified with anti-CXCR4 antibody to target metastatic breast cancer cells and block cell migration. Liposomes incorporating DODAP responded to the acidic endosomal environment by increasing the cationic character, fusing with the endosomal membrane, and delivering siRNA into the cytoplasm. The combined liposomes significantly reduced migration in triple-negative human breast cancer cells (88 % for MDA-MB-436 and 92 % for MDA-MB-231) when compared with inhibition of the CXCR4 or Lcn2 pathways alone.
Inhibition of CXCR4 as a Chemosensitizing Approach
Drug resistance remains a serious problem in cancer chemotherapy. Anticancer potency can be greatly improved by combining chemotherapy with a chemosensitizing effect of CXCR4 inhibition. For example, a multikinase inhibitor sorafenib is an anti-angiogenic agent used in the treatment of advanced hepatocellular carcinoma (HCC) and its use results in a significant increase in overall patient survival. However, prolonged sorafenib treatment increases tumor hypoxia due to decreased neovasculature, which in turn upregulates the expression of CXCR4. This causes HCC to acquire more invasive phenotype and to rapidly develop resistance to antiangiogenic therapy with sorafenib [61] [62] [63] . AMD3100 can sensitize HCC to sorafenib treatment by inhibiting CXCR4 axis-induced cancer cell proliferation and polarization of the tumor-promoting microenvironment [62] . To take advantage of the chemosensitizing ability of AMD3100, Gao et al. encapsulated sorafenib in lipid-coated PLGA nanoparticles. The surface of the nanoparticles was modified with AMD3100 to allow systemic delivery of the sorafenib/ AMD3100 combination into HCC [40] . The results of the study demonstrated that the nanoparticles could efficiently deliver sorafenib and AMD3100 in HCC and that the combined treatment showed improved anti-angiogenic effect and decreased infiltration of tumor-associated macrophages in vivo. The combined nanoparticle treatment significantly inhibited primary HCC growth and distal metastasis and thus increased overall survival in vivo, indicating clinical potential of CXCR4 inhibition in overcoming acquired drug resistance in HCC.
Potential Problems with CXCR4 Inhibitors and Delivery Systems
As shown above, combining CXCR4 antagonism with conventional therapies provides opportunity to improve antitumor and antimetastatic activity and potentially decrease disease recurrence [64] . However, chronic administration of CXCR4 inhibitors is needed to achieve such therapeutic benefits, which may lead to adverse effects not seen with current acute administration protocols of CXCR4 inhibitors. CXCR4 is expressed mainly in neutrophils, macrophages, and dendritic cells, which distribute into a variety of healthy tissues including the brain, heart, liver, lung, spleen, and kidney [65] [66] [67] . Thus, as with other receptor-targeted delivery systems, CXCR4-targeted nanoparticles that deliver cytotoxic drugs may induce toxicity to the healthy tissues. Due to tumor cells overexpressing multiple types of surface receptors, dualligand nanoparticles might have the potential to enhance selectivity of therapeutic nanocarriers in cancers and reduce toxicity in healthy tissues [68] [69] [70] [71] [72] [73] [74] [75] . Another concern with CXCR4 antagonists is their effect on cell mobilization. It is not fully understood how patients can tolerate chronic mobilization of peripheral blood cells or hematopoietic stem/progenitor cells after prolonged CXCR4 inhibition. Patients may experience an increase in leukocytes (leukocytosis) or a decrease in platelets circulating in the blood (thrombocytopenia). The size of the spleen may increase after long-term administration of CXCR4 antagonists, which can result in spleen rupture and cause death. For the future development of CXCR4 inhibitors, cell mobilization issues should be addressed. For instance, a novel CXCR4 antagonist MSX-122 blocks chemotaxis and homing of the CXCR4-positive cancer cells to distant organs without disturbing the retention of hematopoietic progenitor cells in the bone marrow [76] . Progenitor cells express high levels of CXCR4 and are attracted to CXCL12 produced by stromal cells in the bone marrow niches. MSX-122 is a partial inhibitor of CXCR4/CXCL12 functions and interferes with the Gα-signaling pathway; however, elevated CXCL12 in bone marrow can block MSX-122 binding to CXCR4. Thus, MSX-122 and delivery systems utilizing it may offer unique therapeutic opportunities in antimetastatic therapies not available with existing CXCR4 antagonists. Moreover, resistance of tumor cells to CXCR4 inhibitors may represent a potential obstacle. Labrosse et al. reported that single amino acid substitutions in CXCR4 contributed to the resistance to AMD3100 [77] . Such structural alternations may take place in the process of tumor development and decrease the efficacy of CXCR4 antagonists. Another potential problem that needs to be highlighted concerns selection of CXCR4 antagonists. Comparative studies between peptide T140 and AMD3100 showed that neither of them functions as pure antagonist and that there are differences in their mechanism of action [78, 79] . AMD3100 displayed a weak partial agonist activity as its binding to CXCR4 receptor that resulted in CXCL12-like downstream signaling. In contrast, T140 exhibited features of an inverse agonist as it decreased autonomous CXCR4 signaling. Given the involvement of CXCR4 activation in providing prosurvival signals in cancer cells, delivery systems based on T140 might be a better option than those based on AMD3100.
Conclusion
In this review article, we provide a summary of the role of CXCR4 in cancer metastasis and present evidence to support CXCR4 as an emerging target in designing drug delivery systems aimed at developing novel antimetastatic treatments. The potential of CXCR4 targeted drug delivery systems is supported by a growing number of preclinical studies in a broad range of metastatic cancers and in combination with multiple types of other therapeutics, including small molecule anticancer agents, siRNA, and genes. Further ability to take advantage of the pharmacologic effect of CXCR4 inhibition in designing combination drug delivery strategies is another unique advantage of targeting this chemokine axis in cancer. However, in order to translate the CXCR4-targeted delivery systems to clinical applications, multiple scientific and technical challenges have to be solved. Chief among them is the need to address potential side effects that may result from off-target effects related to prolonged inhibition of CXCR4 in normal processes and delivery of toxic agents to normal cells that express the CXCR4 receptor. Further understanding of the role of CXCR4 and its interplay with other chemokine receptors, such as CXCR7, will be also important for the success of drug delivery strategies that target CXCR4.
